La performance des biofiltres en termes de traitement des nutriments est encore mitigée, atteignant rarement le niveau recommandé pour la protection des milieux aquatiques. Par ailleurs, la conception des biofiltres n'est généralement pas optimisée pour le double traitement de l'azote et du phosphore. Cette étude a pour objectif de mesurer l'influence de trois paramètres de conception, le matériau filtrant, la végétation et la présence d'une zone saturée, sur le traitement des nutriments par les systèmes de biofiltration. Nous présentons les résultats d'une expérience réalisée sur 20 colonnes pendant une année, ayant alterné la fréquence de dosage afin d'examiner l'impact des variations climatiques. Un très haut niveau de traitement a été démontré pour une configuration incluant de la végétation, une zone saturée, et un matériau filtrant novateur riche en oxyde métallique. La réduction en concentration des nutriments dans les effluents était conforme aux recommandations locales, et ce pendant toute la durée de l'expérience, indiquant une résilience à la variabilité climatique. Les résultats ont également démontré le rôle de la zone saturée, permettant le maintien des conditions de traitement pendant les périodes de sècheresse. Les résultats de cette étude représentent un progrès important vers une conception des biofiltres explicitement pour la protection des milieux aquatiques.
INTRODUCTION
Urban stormwater runoff has a significant impact on the health and ecological function of receiving waters (Walsh et al., 2004) . Discharge of nutrient-rich stormwater into waterways can be particularly detrimental, leading to algal bloom proliferation, dissolved oxygen depletion and biodiversity loss (Duncan, 1999, Kadlec and Knight, 1996) . Stormwater biofilters (also known as biofiltration systems, bioretention systems or raingardens) have the potential to reduce this impact.
Extensive laboratory testing has demonstrated the effectiveness of biofilters to remove nitrogen and phosphorus from urban stormwater, confirming that these systems reliably meet load reduction targets for total suspended solids and nutrients (TSS 80%, TP 45%, and TN 45% in Victoria, Australia). However, nitrogen removal rates are variable and may compete with phosphorus removal. Furthermore, the concentrations to which TN and TP are reduced exceed typical environmental protection guidelines, and thus may still pose a threat to receiving waters. In order to provide effective protection for receiving waters, biofilters must be co-optimised for nitrogen and phosphorus removal, and able to achieve concentrations below typical environmental protection guidelines.
The efficacy of biofilter processes is significantly influenced by the physico-chemical properties of the filter media, hydrochemical characteristics of the biofilter, and hydrologic flow regime. The importance of biological interactions (e.g. plant uptake), in particular for nitrogen removal, has been demonstrated by several studies (e.g Bratieres et al., 2008) . The importance of plant selection and the influence of competition and planting regime on performance have all been tested (Ellerton, 2012 , Read et al., 2008 , Read et al., 2010 . Australian biofiltration design guidelines also recommend inclusion of a saturated zone (see FAWB, 2009 ). The saturated zone design modification has demonstrated very good results for nitrogen removal (Kim et al., 2003 , Davis et al., 2009 , in particular nitrate, while also protecting biofilters against drying during dry weather periods (Blecken et al., 2009 , FAWB, 2009 ).
While the role of biological interactions has been demonstrated, our knowledge of the role of filter media in facilitating long-term nutrient removal, in particular phosphorus, remains limited and somewhat contradictory. Henderson et al. (2007a Henderson et al. ( , 2007b argue that filter media is unlikely to retain nutrients in the long-term, however, it may provide an important function by extending retention time so plant uptake and microbial assimilation can occur. Others have suggested that filter media could enable complex phosphorus sorption and precipitation processes through interactions with phosphorus attracting ions (i.e. Fe, Al), which may strongly, or even permanently, bind phosphorus to the filter media (e.g. Arias et al., 2001 , Del Bubba et al., 2003 . The results of a recent study by Glaister et al. (2011) found that a natural metal-oxide coated filter media, demonstrated better phosphorus removal and retention than the typical loamy sand filter media. These findings however are yet to be validated by a large-scale study.
The present study investigated the nutrient removal performance of biofilters configured with a traditional loamy sand filter media and a novel metal-oxide coated sand filter media, known as Skye sand. The Skye sand was tested in conjunction with and without design modifications shown to improve nutrient removal (vegetation and saturated zone). Climatic variability was imposed during the experiment to evaluate the influence of drying and wetting on filter media durability and treatment performance. The main objective of the study was to develop a biofilter design, co-optimised for nitrogen and phosphorus removal, and capable of achieving effluent concentrations below typical environmental protection guidelines. This study also aimed to improve our understanding of the role of filter media and saturated zones in biofilters, particularly in relation to resilience over extended dry periods. The results demonstrate that biofilters configured with Skye sand, vegetation and a saturated zone can maintain nutrient removal at or below water quality guideline concentrations in wet and dry climates. The results also revealed that vegetation and saturated zone play a crucial role in achieving co-optimisation of nitrogen and phosphorus removal. These findings represent significant progress towards co-optimising nutrient removal in stormwater biofilters and achieving environmental protection objectives.
METHOD

Experimental set-up
Column construction & filter media selection
Twenty biofilter columns (Figure 2 .1a) were constructed to compare nutrient removal performance and durability of two filter media, under the influence of design modifications (vegetation and saturated zone) and variable climate conditions. The columns were designed in accordance with Australian biofiltration system guidelines (see FAWB, 2009 ). The columns were constructed using PVC pipe (150mm diameter) and Perspex to create a 200mm ponding zone. The saturated zone columns were modified by attaching a riser pipe (300mm) to the outlet tap in order to maintain a constant head at this depth. Sampling ports were drilled at 70mm intervals across the saturated zone to monitor dissolved oxygen concentrations. The filter media selected were, locally sourced and consistent with biofiltration soil guidelines (FAWB, 2009 ). The filter media was configured into four main layers (see Figure 2. Loamy sand is the filter media currently recommended by Australian biofiltration system guidelines (FAWB, 2009) . Previous biofilter column studies have demonstrated that loamy sand provides effective removal of both TN and TP when coupled with vegetation (Bratieres et al., 2008 , Henderson et al., 2007a . However, reported effluent concentrations of these nutrients are near or above typical Australian receiving water guidelines (ANZECC & ARMCANZ, 2000) . Testing of this media with a saturated zone also produced good results, demonstrating that loamy sand can maintain nitrogen removal during dry periods (Zinger et al., 2007) . In this study, loamy sand acted as a control against which the novel Skye sand media could be compared. Skye sand, a red coloured quartz sand from Skye, Victoria (Australia) has a natural coating of metal-oxides (iron and aluminium oxides and hydroxides; Table 2 .1). Its has demonstrated a strong affinity for phosphate removal under simple laboratory testing (Glaister et al., 2011) , but this experiment investigates Skye sand under quasirealistic hydrologic conditions and in conjunction with typical biofilter design features. 
Carbon source selection
Between stormwater dosing events water in the saturated zone becomes depleted of dissolved oxygen, thereby providing an anaerobic environment which promotes denitrification. Adding organic matter to the saturated zone provides a carbon source to facilitate the denitrification process. However, care must be taken when configuring the saturated zone, as a P-rich carbon source may cause P leaching, particularly if reducing conditions lead to the release of phosphorus from sorption sites (e.g. iron-phosphates) (Jansson, 1987) . With respect to these issues, pine woodchips (bark removed) and pine flour ('sawdust') were determined to be the best available carbon sources, on the basis of their biodegradability and low phosphorus content (10.2 mg P/kg). A mixture of pine woodchips (26.5g) and pine flour (9.3g) was blended into the coarse sand layer of the saturated zone (total material added was equivalent to 5% of the volume of the saturated zone).
a. b.
Column configuration
Four design configurations were tested (five replicates of each), as described in Table 2 .2. Filter media in layers 2, 3 and 4 remain constant between configurations. 
Column establishment
The columns were filled manually by measuring the required amount of media for each layer (volume and weight) then compacted using a weighted hammer dropped from 100mm onto the surface of the media (as described by ASTM Standard F 1815 -06, Standard Test Method for Specific Gravity of Soils). The compaction required was determined by the layer thickness and media porosity. Once filled, vegetation was transplanted into the top 100mm of the vegetated columns. The Australian native species Carex appressa was selected for this study because of its drought tolerance and resilience to climate fluctuations. Previous biofilter column studies have found that this species maintains very good nutrient removal under high loading conditions and inflow concentrations (Bratieres et al., 2008 , Read et al., 2008 . Prior to transplanting into the columns the plants were matured in a glasshouse (at 25°C) for 12 weeks. Following transplantation, columns were dosed twice-weekly with semi-synthetic stormwater, to help establish the plants, inoculate the soil microbial community and flush free particles from the filter media. Five weeks after dosing commenced the first sampling event occurred.
Experimental procedure
Semi-synthetic stormwater
Due to limitations associated with the collection of a real stormwater a semi-synthetic stormwater mixture was used instead. This approach minimised inflow concentration variability whilst maintaining realistic composition. Several studies have adopted this method and demonstrated consistency in maintaining target concentrations throughout the experimental period (e.g. Blecken et al., 2010 , Bratieres et al., 2008 , Hatt et al., 2007 . Sediment was collected from a nearby stormwater retarding basin and strained through a 1000µm sieve. The concentration of solids in the sieved slurry was measured prior to mixing with a known amount of dechlorinated tap water to ensure the target total suspended solids (TSS) concentration was achieved. Target concentrations for TSS and nutrients were matched with 'typical' values for worldwide and Melbourne urban stormwater quality reported by Duncan (1999) and Taylor et al. (2005) respectively. To make up the deficit in nutrient concentrations where necessary the mixture was topped up using chemicals.
Stormwater dosing, sampling & analysis
The stormwater dosing regime over the twelve month period reflected Melbourne average annual rainfall volumes, for a biofilter sized to 2.5% of its contributing catchment area, based on Australian design guidelines (see Hatt et al., 2007) . The columns received 3.7L of stormwater during each dosing event (delivered in two applications of 1.85L). During application the stormwater was constantly stirred to ensure even distribution of suspended solids and maintain dissolved oxygen saturation. The dosing campaign simulated "wet" and "dry" climate conditions by altering the frequency of events (see Figure  2 .2). Each climate reflected typical Melbourne rainfall patterns (Bureau of Meteorology, 2011) . During the "wet" periods (April -November) the columns were dosed twice-weekly. During the "dry" (December -March) the column dosing transitioned from 6 to 18 antecedent dry days. Transitioning gradually from wet to very dry conditions was necessary to reduce the risk of plant fatality.
Sampling of the biofilter columns took place for 10 select dosing events over the 12 month period from August 2011 to July 2012 (Figure 2 .2). Following dosing, samples were collected from the column outlet until flow ceased (approximately 3 of the 3.7 L). This bulk sample was mixed thoroughly then subsampled for analysis. Samples were analysed for total nitrogen (TN), total phosphorus (TP) and their dissolved species. Samples analysed for dissolved nutrients were filtered through a 0.45μm filter (Bonnet Scientific). All water chemical analyses were undertaken by NATA (National Association for Testing Authorities) certified laboratories using standard analysis methods (APHA/AWWA/WPCF, 1998). Discrete water samples were collected through ports in the saturated zone and analysed for dissolved oxygen (DO) using a DO probe (Hach Company). 
Data analysis
All statistical analyses were performed using SPSS (version 20. IBM, USA). ANOVA was used to compare performance between biofilter configurations and climate periods, with post-hoc tests used to compare individual pairs (Tukey's HSD where inequality of variance occurred and Tamhane's where not). Data reported below limits (e.g. <0.001) were analysed at half the LOR value (e.g. 0.0005). Data from the first sample event (September) were omitted from the analysis because the columns were still establishing. Additionally, sample data from the SS-V-NS columns were omitted for the eighth event (May), as infiltration had ceased due to sediment clogging of the surface layer. This sediment layer was disturbed manually by gently scraping the surface, allowing regular infiltration to resume.
RESULTS AND DISCUSSION
Phosphorus removal performance of alternative biofilter designs
The influence of filter media
Total phosphorus (TP) outflow concentrations from the loamy sand (LS-V-S) and Skye sand (SS-V-S) columns were not significantly different (Figure 3 .1). This suggests that modifying the filter media did not greatly influence TP removal performance. Only once did the trend deviate, after the wet period was resumed in May, when TP concentrations from the SS-V-S columns increased marginally. This was most likely attributable to particulate phosphorus mobilisation upon re-wetting, since phosphate (PO 4 3-) removal was not affected, and concentrations returned to pre-rewetting values in the next sample (June). Very good removal of PO 4 3-was maintained for all configurations throughout the experiment (>96%) (see Table 3 .1). Similarly TP, PO 4 3-removal did not differ significantly between the loamy sand (LS-V-S) and Skye sand (SS-V-S) columns, meaning that removal performance is not attributed to the metal-oxide coated filter media. Notwithstanding, the role of filter media may become more important later in the biofilter lifetime, when plants reach maturity and when availability of sorption sites decline as filter media reaches the equilibrium concentration (Henderson et al., 2007b) .
Interactions with vegetation and saturated zone
The presence of vegetation had a significant effect on PO 4 3-removal (p<0.001) but not TP. This is perhaps not surprising, given that PO 4 3-is chemically and biologically driven, while TP removal is primarily related to removal of total suspended solids (TSS), which account for ~70% of TP (Duncan, 1999) . Vegetation provides a removal pathway for dissolved nutrients through plant uptake, and supports biological activity in the rhizosphere, which also contributes to PO 4 3-removal through microbial assimilation. Furthermore, vegetation improves soil structure, which provides resilience to cracking and the formation of preferential flow pathways during dry periods. For these reasons, vegetation may have important secondary effects on TP removal, and should not be overlooked. The saturated zone (SZ) design modification was also found to have a significant influence on phosphorus removal (TP and PO 4 3-). Inclusion of the SZ reduces the infiltration rate by decreasing the hydraulic head, effectively creating a buffer to high velocity flow, thereby reducing the risk of phosphorus laden particle mobilisation. Furthermore, retention of stormwater in the SZ increases detention time between dosing events, allowing the stormwater to undergo advanced treatment through biological removal processes. The sustained efficacy of PO 4 3-removal suggests that biodegradation of the SZ carbon source has not contributed to phosphorus leaching. Moreover, this continued removal performance implies that reduction of iron-phosphates, which may have become a concern if complexes formed in the filter media migrated into the oxygen depleted SZ, has not occurred.
Nitrogen removal performance of alternative biofilter designs
Analysis of total nitrogen outflow concentrations indicates that there is significant difference between all biofilter configurations for TN removal. This suggests that design modifications play an important role in facilitating nitrogen removal. Figure 3 .1 shows the TN outflow concentrations for each biofilter configuration over the experimental period.
The influence of filter media
Total nitrogen removal trends are similar for LS-V-S and SS-V-S throughout all sample events, although concentrations are consistently lower from the SS-V-S configuration (Figure 3.1 ). An analysis of variance confirmed this, indicating that there is a significant difference between the LS-V-S and SS-V-S for TN and ammonia (NH 3 ). The variation in treatment between these filter media may relate to a number of factors. Firstly, Skye sand has a large portion of very fine particles (20% of total volume <1.2μm) and this portion is much less in loamy sand (10% of total volume <100μm), potentially resulting in an improved capacity for Skye sand to remove TSS and thus sediment bound nutrients. The superior performance of Skye sand may also be attributed to the lower organic matter content of the filter medium, reducing the likelihood of nitrogen leaching, especially following an extended dry period. Additionally, while the organic content of loamy sand may provide better conditions for microbial population growth, supporting bioremediation processes, it may over long dry periods cause lysis, and result in an efflux of nutrients from the system (Zinger, 2012) .
Interactions with vegetation and saturated zone
While the influence of filter media was significant for TN and NH 3 this was not the case for NO x . This indicates that processes relating to filter media are not governing NO x removal. However, both vegetation and saturated zone modification do have a significant influence on NO x (and subsequently TN). This is exemplified by the results for the non-vegetated (SS-NV-S) and non-saturated (SS-V-NS) configurations. These these columns showed poor NO x removal, compared to those with the combined vegetated, saturated zone design, continued throughout the experimental period. These results imply that vegetation and saturated zone are most important in NO x removal. Vegetation also had a significant effect on ammonia (NH 3 ) treatment. This result once more highlights the importance of plant-uptake to remove dissolved nutrient species, and suggests that this is the main pathway for their removal. However, nitrification is also important. This was demonstrated by the excellent removal maintained by the vegetated, non-saturated configuration (SS-V-NS) throughout the experiment. While coupling plant-uptake and aerobic conditions provided optimal conditions for NH 3 removal, the results suggest that NH 3 removal was not significantly affected by the presence of a SZ. Indeed, even with the inclusion of a saturated zone very good NH 3 removal was maintained (see Figure 3 .1). Therefore, to achieve overall nitrogen removal optimisation a saturated zone modification would be recommended. 
Resilience to changing climate conditions
Outflow concentration from the four design configurations are summarised in Table 3 .1, for the three climate periods: Wet 1 (October-November); Dry (December-April), and; Wet 2 (May-July). Treatment performance for all nutrients remained relatively consistent between the wet and dry periods in configurations inclusive of vegetation and saturated zones (i.e. LS-V-S and SS-V-S). Therefore, both filter media tested (loamy sand and Skye sand) were found to be resilient over extended dry periods when coupled with vegetation and a saturated zone. Nutrient removal processes are supported in the saturated zone by: providing access to a permanent pool of water to sustain plant health (especially during extended dry periods); increasing detention time for biological removal processes to occur, and; providing hydro-chemical conditions to facilitate nitrogen removal through denitrification. These benefits are all demonstrated by the results shown here over the three dosing periods. Without vegetation (SS-NV-S), TP, TN, NH 3 and NO x removal responded poorly to changing climate, revealing the importance of plant uptake in long-term nutrient removal, despite modification with a saturated zone to facilitate denitrification. The impact of twice weekly dosing resumption after four months of dry was minor and only temporary for TP, suggesting that any preferential flows which may have formed during dry periods disappear soon after dosing resumes. The absence of vegetation had a more persistent effect on NH 3 removal, which gradually declined over the dry and into the second wet period. The vegetated columns show that NH 3 removal can otherwise be maintained throughout the wet and dry periods. Including vegetation provides a pathway for removal under dry conditions when biological processes slow down, and NH 3 removal through nitrification is limited. When inflow is frequent, especially following an extended dry period, complete removal through nitrification may not necessarily occur; once again vegetation provides a pathway for removal.
The impact of wetting and drying in the non-vegetated configurations (SS-NV-S) was most detrimental to NO x removal and (and consequently TN). When twice-weekly dosing resumed after the dry period the non-vegetated systems responded immediately and began to leach NO x which continued for the remainder of the experiment. This suggests that while NO x removal can be maintained over the dry period through denitrification, when dosing is infrequent and dissolved oxygen (DO) levels in the saturated zone deplete to anoxic concentrations, once dosing frequency increases the SZ no longer has the retention time necessary for DO levels to reduce and denitrification reactions to complete, confirming the importance of providing a source of plant uptake for nitrogen. Table 3 .2 summarises biofilter performance relative to typical Australian nutrient guideline concentrations (ANZECC & ARMCANZ, 2000) . TP concentrations less than or equal to the guideline targets were successfully achieved by the SS-V-S and LS-V-S columns throughout the experiment.
Performance relative to ecosystem protection guidelines
Results from the non-saturated (SS-V-NS) and non-vegetated (SS-NV-S) columns fluctuated around the target, although, at time of the last sample all configurations were meeting TP guideline concentrations. All configurations maintained PO 4 -3 concentrations below the guideline throughout the experiment. This most likely relates to the age of the systems, and may change as the biofilters mature, and the role of filter media becomes more critical. TN concentrations were maintained below guidelines throughout the experiment by the SS-V-S columns. The minimal variation between the SS-V-S replicates and consistent results over the sampling events represents a success as studies often cite variability in this regard. The LS-V-S outflows also remained close to the TN target concentration, increasing only marginally during the transition into the dry climate. Conversely, TN concentrations from the non-vegetated (SS-NV-S) and non-saturated (SS-V-NS) configurations remained above the guideline for the duration of the experiment. Similar trends were apparent in terms of NO x removal although only SS-V-S achieved the target values. The non-vegetated columns (SS-NV-S) were not very successful in achieving the NH 3 targets, however, the non-saturated, vegetated configuration (SS-V-NS) achieved this target consistently. The saturated, vegetated configurations (SS-V-S, LS-V-S), began to meet the NH 3 target concentration roughly halfway through the experiment. This most likely coincided with growth of the plant roots into the saturated zone where trapped NH 3 could be accessed. 
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CONCLUSIONS
This study compared nutrient removal performance and durability of two filter media, under the influence of design modifications (vegetation and saturated zone) and variable climate conditions. The main objective of the study was to develop a biofilter design, co-optimised for nitrogen and phosphorus removal, and capable of achieving effluent concentrations below typical environmental protection guidelines. The results achieved this, by demonstrating that a vegetated biofilter configured with Skye sand and a saturated zone can maintain very good removal of nitrogen and phosphorus concentrations, and achieve receiving water protection targets in wet and dry climates. The role of vegetation and a submerged zone in maintaining nitrogen removal under variable climate conditions was also highlighted in the results. Further research is necessary to gain a better understanding of role of filter media, particularly in relation to phosphorus removal, as biofilters mature. In practice, these results may have a significant impact when designing biofilters in areas where prolonged dry periods are common, and when protection of receiving waters is a priority.
